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Specimens of rectus sheath and round ligament of the 
uterus were tested in uniaxial tension. Simple elongation, 
relaxation, and ultimate strength tests were performed on 
16 tissues from three subjects. The stress-strain behavior 
e r ^'° is modeled by the equation T = /? [e -lj* The data seems to 
fit this equation very well. The stress was found to be 
independent of strain rate in a range from 0.015/sec. to 
0.2l/sec. The rectus sheath exhibited significant 
anisotropy. The relaxation behavior and ulimate strength 
did not appear to be orientation dependent. We could not 
observe any dependance of the stress-strain behavior, 
relaxation behavior or ultimate strength on age, race, or 
sex. The ultimate strength varied from 0.1^ x 10 Pascals 




In order to understand the physio\ogicaI function of 
an organ or tissue* it is often necessary to obtain 
information about its mechanical properties. Fecently, 
medical research in pelvic relaxation has established the 
need for mechanical data on the behavior of tissues in the 
female pelvic support structures £17], 
"Pelvic relaxation is a general term used to describe 
all conditions in which the supporting structure in the 
female pelvis no longer maintains the pelvic organs in their 
normal position."tii] It is usually found in older women. 
Most procedures for surgical repair of these conditions are 
based on the theory that there is a generalized relaxation! 
or attenuation of the connective tissues comprising the 
pelvic supports. Surgical repair is needed when extensive 
stretching leads to herniation or when it disrupts the 
normal functions of the pelvic organs. General plication 
techniques to shorten the "elongated" pelvic supports are 
comraonly used. 
While pelvic relaxation is "among the commonest 
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complaints heard daily by all gynecologists* • • • 
successful vaginal repair is the most difficult type of 
gynecologic surgery, and even an experienced gynecologist 
may have failure rates ranging from 25 to kl per cent«M[il 
These failure rates are observed to increase with time. 
Research in the clinic of Or* A. C. Richardson of 
Atlanta has led him to conclude that usually* if not always* 
pelvic relaxation is the result of an isolated defect or 
tear in the pelvic support tissues rather than a generalized 
stretching. Between January, 1971 and October, 1975* 93 
operations were performed in which localized defects were 
found and repaired. Their failure rate was less than 5£, 
In addition, three of the four failures were evident within 
six weeks after surgery 1171% 
In order to analyze the genesis of pelvic 
relaxat Ion,the following questions need to be answered! 
(1) Which structures provide support for the 
pelvic organs ? 
(2) What is the geometric configuration of 
these structures ? 
(3) What are the loads on these structures ? 
(*•) What are the mechanical properties of the 
tissues comprising the pelvic supports ? 
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(5) What is the histology of these tissues ? 
A pilot study has been initiated to study the anatomy of the 
pelvic supports and the histology of the tissues involved. 
Preliminary results indicate that several structures provide 
support for the pelvic organs. Histological studies C183 
have shown that endopelvic fascia has a large percentage 
(over 507.) of smooth muscle. Smooth muscle was found to be 
predominant in every structure extending from the uterus to 
the pelvic sidewaI I• 
The purpose of this work was to test specimens of 
endopelvic fascia to obtain information about the mechanical 
properties of various tissues in the pelvic support 
structure. Tissue samples obtained in longitudinal and 
latitudinal strips were tested in order to observe possible 
anisotropic behavior. Samples from various sites were 
tested in order to observe any variation with respect tp 





A revised version of the MAlphatron°£±IJ was used to 
perform mechanical tests on the tissues. The existing 
"Alphatron" is a one-dimensional materials testing device 
consisting of three components! the mechanical system* the 
control system and the environmental system. 
The mechanical system is a digitally controlled, 
closed loop servo system. The power train (TorQue Systems, 
model MTE-3323-C2%HE> is a OC motor which produces linear 
displacement by a lead screw (Beaver Precision). The motor 
is equipped with conventional power supply and analog 
compensatipn circuitry. A Fairchild (F-6) microprocessor 
and accesory firmware in conjjnction with an optical encoder 
in the motor provide digital control of the input to the 
analog compensation circuits. The Fairchild microprocessor 
is programmed so that when provided with parameters 
representing acceleration* velocity, and displacment, it 
will produce the desired displacment d with a constant 
velocity v. The system will start the motion with an 
acceleration a until it achieves velocity v, maintain v for 
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a period of time, then stop with a deceleration of a« 
The control system is a special purpose digital 
processing unit designed to provide an interactive input 
mechanism for specifying the parameters to the Fairchild 
microprocessor* 
A Statham Gold Cell was used to measure the force, 
Various adapters provide the ability to vary the load range 
from i»i Newtons to 222 Newtois. It has a resolution of 
Q*C6 Newtons and frequency response of 180 Hertz. The 
signal from the Gold Cell was amplified by a strain gague 
amplifier (Validyne). A Trans-TeK LVOT (Linear Variable 
Displacement Transducer) was used to measure the 
displacement in a one centimeter range* It has a resolution 
of D.Oi Cm and a frequency response of 1O0C Hertz. The 
signal from the LVDT was anplified by a carrier-demodulator 
amplifier (Validyne)* The amplified signals were recorded 
by an oscillograph (Honeywell Visicorder)* 
The environmental tar\* controls the chemical and 
thermal environment of the specimens. The specimens were 
immersed in physiological saline solution at 37 C« 
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Tissue Acquisition 
Tissue samples of various connective tissues ot the 
pelvic supports were obtained from fresh autopsy material. 
Samples were approximately D •*» cm wide and of various 
lengths and thicknesses depending on location and 
individual* The length and nass of each specimen is listed 
in Table l# Tissues were taken from the posterior rectus 
sheath from above and below the arcuate line, the anterior 
rectus sheath* and the round ligament of the uterus* At 
each location in the rectus sheath, one longitudinal strip 
and one latitudinal strip were cut in order to observe 
dependence on orientaion. 
Tissues were frozen between 12 and <+8 hours of death 
and thawed immediatly before testing* Studies have shown 
that freezing does not significantly affect the mechanical 
properties of many biological tissues [1<*,15,21»22,231 • 
Several authors investigating the change in mechanical 
properties of biological tissues after death have published 
conflicting results on how long tissues can be considered 
"•fresh" [3,6,19,2**]* After thawing, each end of the tissue 
was sandwiched between two bamboo clamps which were tied 
securely with surgical silk. Wire hooks were placed through 
the bamboo clamps. The top hook was attached to the Gold 
Cell adapter and the other hook was attached to the loading 
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In the textt tissues are identified by an alphnumeric 
code indicatinq racet sex, age* and tissue type* Tissue 
types are listed below* 
1 - Longitudinal posterior rectus sheath 
above the arcuate Iine 
2 - Latitudinal posterior rectus sheath 
above the arcuate line 
3 - Longitudinal posterior rectus sheath 
below the arcuate line 
<* - Latitudinal posterior rectus sheath 
below the arcuate line 
5 - Longitudinal anterior rectus sheath 
6 - Latitudinal anterior rectus sheath 
7 - Round ligament of the uterus 
As an example* CFi6i refers to tissue type i from a 
Caucasian female 16 years old* 
Preconditioning 
Data seems to indicate that biological tissues have 
no natural configuration to which they return after 
deformation £8»9]« This presents a problem when trying to 
define a reference length for measuring strain. A common 
practice is to "precondition" the tissue by stretching it 
repeatedly until a steady state response is achieved* 
After preconditioning, the specimen was stretched until a 
load could be detected. Then* the specimen was shortened 
until no load was detected* The length was measured and 
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taken to be the reference length l0 • The stretch ratio is 
given as l/J0 • The tissue is very "soft" at low strain 
levels* This further complicates determining l0 • The 
reference length is probably the least accurate of the 
quantities measured* 
Testing Procedure 
Three tests Here rjn on each specimen* simple 
elongation* stress relaxation and ultimate strength* 
In the simple elongation test, the specimen was 
loaded at a constant strain rate to a given strain level. 
three specimens (CF163»CFi&<*,CF167) were tested at various 
strain rates in order to observe the effect of the strain 
rate on stress-strain curves. Harttlll found no dependance 
on rate* Our results for the first three specimens agreed 
with his so all other tissues were tested at one speed<P.183 
cm/sec) • 
In the stress relaxation test, the specimens were 
stretched from the reference length l0 to a given length I at 
0.75 cm/sec* Force data was recorded for 10Q3 seconds* 
The final test was the ultimate strength test in 
which the specimen was stretched at 0.0C38 cm/sec until the 
I 
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stress peaked. After this test the tissue was removed from 




Sixteen specimens were tested. During the first 
test* the specimen pulled out of the clamps. Since no 
comparisons could be made, data is not presented for 
specimen CF161 or its companion CF162. In subequent tests* 
more care was taken in tying the clamps and they held 
secure!y» 
Simple Elongation 
Assuming that the tissue is incompressible and the 
specimen is prismatic* the Eulerian stress* T* was 
calculated as* 
T = (F)(I*)(A)/V (i) 
where F is the measured force? I0 is the reference lengthi^is 
the stretch ratio? V is the volume of the specimen. 
Assuming that the specimen has a density close to that of 
water* the volume can be obtained directly from the mass of 
the specimen* 
Plots of the stress r versus A« are shown in Figures 
11 
Ai. - AiQ. The curves appear to be exponential* The 
stress-strain curves for tf>e three specimens tested at 
various rates are shown in Figures Al • A3* After specimen 
CF163 was tested at strain rates of G.022/sec. and 
0.0*f3/sec»* it was accidentally damaged by overstretching. 
In Figure Al, we see that the curves for the tests before 
damage are close and the curves for tests after damage are 
close. In Figure A2« and Figure A3., we see very little 
difference in the curves for all four strain rates. These 
results agree with those of Harttiil. 
Stress-strain curves for the other specimens are 
plotted in Figures A**. - AiD* Quantitatively comparing the 
stress-strain curves of two specimens, we say that the 
specimen with the higher stress at a given is less 
compliant. In Figure A<*. we see that the round ligament of 
the 16 year old female is less compliant than that of the 52 
year old. In Figures A5. - A1C*, we see that for the 
posterior rectus sheath above the arcuate line and the 
anterior rectus sheath, the latitudinal specimens were less 
compliant than the longitudinal specimens. In the Dosterior 
rectus sheath below the arcuate line, the longitudinal 
specimens were less compliant. 
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ReIaxation 
The reduced relaxation function was calculated as, 
G(t) = T(t)/T(D) (2) 
where t=0 was the time at which the tissue reached the 
desired stretch X« The values of G(t) were plotted versus t 
on a semilog scale in figures A21 - A2**» All tissues 
apparently continued to relax for the full 17 minutes. 
Ultimate Strength 
During the ultimate strength tests* the stress 
appeared to increase exponentially at first* level off 
erratically, then decrease slowly* The erratic behavior may 
have been due to the effects of individual fibers breaking 
and the load shifting to other fibers, or the effect of 
local slipping in the claios. At the maximum force* the 
tissue appears thinner but no broken fibers were observed* 
As the tissue continued to stretch* the stress decreased, 
and broken fibers became apparent. The tissue tore apart as 
more and more fibers broke. Microscopic examination of 
specimens during tests may yield important information about 
what happens to components of the specimen as the stress 
approches the yield stress. The ultimate strength for each 
specimen is listed in Table 1. It is not known whether 
these stresses correspond to stresses experienced by the 
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tissues in their physiological function* 
Analysis 
Data from mechanical tests on biological tissues is 
of little value unless we can find a way to make meaningful 
comparisons between specimens* Much attention has been 
directed towards the ultimate strength £24], In trying to 
understand mechanical aspects of pelvic reiaxationf this 
would seem to be of great importance. However* information 
which will help us to understand the mechanical behavior in 
the course leading to the ultimate failure must also be 
considered. A mathematical «odel of the mechanical behavior 
provides the tool to unify our experimental observations, 
and to use these results to predict the mechanical behavior 
under a variety of conditions* We would like to have a 
simple mode! with few constants to evaluate, that will 
describe the data* We have observed that the 
quasi Iinear-viscoelastic model proposed by FungC8J appears 
to meet this criteria* 
The Quasi Iinear-viscoelastic Model 
The quasi Iinear-viscoeIastic model is based on a 
hypothetical "elastic stress" T (A ) , a function of the 
instantaneous strain, and a linear relaxation law that 
determines the current stress T(t) in terms of the history 
of the "elastic stress". The relaxation function, K(A,t), 
- l i t -
is defined to be the history of stress response to a 
suddenly applied stretch A written as* 
A(U=H-(A-i)H(t> (3) 
where H(t) is the Heaviside step functiion* i«e«t 
C for t<C 
H(t)= (k) 
1 for t>D 
The relaxatlion behavior as observed by Hart tllj suggests 
that the relaxation function can be written in the form, 
K(A,t)=G(t)T e(A). (5) 
The reduced relaxation function* G(t)» is a normalized 
function of time with the property that* G(0)=1« Assuming 
the superposition principle yields an expression for the 
stress due to a stretch history A ft)« 
T(t)=Tet/*(t>]+ (TecA(t-^)] 3G.(?) d t (6) 
Jo at 
Elastic Response 
The "elastic response" T e (A) is defined to be the 
instantaneous stress generated by a suddenly applied stretch 
X • Strict measurement of Te(A) is impractical because it 
involves loading at an infinite rate* Increasing the stretch 
ratio from 1 to X in a time interval € , we can obtain the 
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stress at t=e , T (€). FungC8] has shown that, if e ^ G(±) <<i, 
<* Z 
then we can use the approximate relation T (A)=T(e)# 
fi \ 
Various equations for the form of the function T (* ) 
for biological tissues have been investigated. Kenediti21 
and Fungl71 have proposed the equation, 
T <>>= ?Ce -11 (7) 
I n a study comparing seven equat ions used for b i o l o g i c a l 
t i s s u e s , Rabkin and Hsut ib l chose equat ion (7) as best 
f i t t i n g t h e i r data for the s t r e s s - s t r a i n r e l a t i o n of 
p e r i c a r d i u m . The equat ion has a lso been used for r a b b i t 
mesentery[<*,5 ] and the s e r i e s element of myocardium[201 • 
The secant e l a s t i c modulus, DT/D A ,was c a l c u l a t e d 
as , 
OTi Ti - T i - i 
= (8) 
DXi Ai - A i - i 
Plots of DT/DA. versus T are shown in Figures All. - A2n« 
A linear regression of the data was done to obtain Q( and ^ 
to fit the linearized equation, 
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^T = *T + o((3 (9) 
dA 
The graphs show that there are large errors in OT/DA. In 
some cases»?was less than zero* This is physically absurd* 
A nonlinear I east^squares curve fitting method 12 1 
was used to determine <y *s and^'s to fit equation (7). The 
values of of and £ • and the RMS errors are listed in Table 2. 
The RMS errors ranged from 0.015(NF521) to 0.813(CF167). 
Theoretical curves for these two sets of data are plotted on 
Figures A3. and A8. The cjrves appear to fit well. It is 
interesting to note that for the three specimens that were 
tested for different strain rates is larger for the two 
higher rates than for the two lower rates. This may be due 
to changes in the tissue Induced by repeated tests* Both 
parameters seem to vary more between specimens in the older 
subjects. The parameter varies over three orders of 
magnitude* This is probably due to its sensitivity to the 
choice of l0 • 
Niether o{ nor ? alone is sufficent to compare the 
compliance of two tissues. Table *• lists which tissue type 
of each pair has a larger value of 9t and § »and the curve 
showing less compliance. For tissue types three and four of 
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the Caucasian male and the Negro female* the less compliant 
specimen of the pair does not have the larger o( or (j*. For the 
other specimens* o( and @ correlate directly with compliance. 
History Dependent Response 
We observe from the data that the stress-strain 
curves are relatively independent of th strain rate. This 
allows us to employ a continJous relaxation spectrum S ( T ) 
[31 to write the reduced relaxation function in the form 
G(t> 
If we choose 
S m = C/r f or r,<x <tz 
Sir) =0 for T <t, , r,<r 
where C is a constant* we can write, 
i * C t E i ( t / V - E i ( t / - r ,> ] 
G ( t ) = ( 1 3 ) 
1 + ClnC^/T, ) 
where 
r°° -t 
El(z) = j -f- dt (Ik) 
i + J s(r) -v* 61 
1 + j°°S(r) d ^ 
(10 ) 
( 1 1 ) 
( 1 2 ) 
13 
Fol lowing the c a l c u l a t i o n scheme of Ko£15] and HartC12]» we 
c a l c u l a t e the reduced r e l a x a t i o n f u n c t i o n from the equat ion 
1 - C2f+ C1n(T 2 ) - C l n ( t ) 
G ( t ) = (15) 
1 + C l n ( ^ ) - C\r>(% ) 
where #(approximately 0*57721) is the Euler constant. 
The function G(t) for a solid with a continuous 
relaxation spectrum Sttr) = C/"irdecreases nearly linearly with 
ln(t) for t,<<t<T2 • The slope, Sr, of the straight line 
aporoximating this portion of the graph can be written 
dG -C 
Sr = = (16) 
d(lnt) 1- Cln(Tx) - ClnCir,) 
Thus we have three parameters, c, 1L , and T^a to fit our 
experimental data- A linear regression of G(t) versus ln(t) 
was done to obtain values for Sr» They are shown in Table 
3, 
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Table 1* Tissue Measurements and Ultimate Strength 
Specimen 10 Mass X* Ultimate Strength 
5 
(centimeters) (graras) (xlO Pascals) 
CF163 1 . 7 6 5 • 088 1 . 0 6 6 . 2 
CF16<* 1.G0A . 1 5 5 1 . 1 2 3 . 7 
CF167 2 . 5 7 ^ • Mf5 1 . 2 5 7 . 0 
CM361 Z.kBl . 3 3 5 1 . 8 5 5 . 2 
CM362 l.k^Q • 1 M 1 . 3 8 1<4.7 
CM363 1 . 2 0 9 • 0^9 1 . 6 6 7 . 8 
CM36«* 0 . 6 5 1 . 0 9 7 2 . 8 7 1 5 . 5 
NF521 3 . 1 3 6 . 1 5 6 1 . 3 1 1 2 . 3 
NF522 1 . 1 8 8 . 1 5 1 1 .25 9 . 7 
NF523 1 . 1 8 5 . 0 7 8 1 . 5 8 9 . 0 
NF52** 0 . 6 7 2 • 061 2 . 8 8 21.<f 
NF525 1 . 1 0 7 . 1 5 1 2.<+0 1 2 . 2 
NF526 1 . 0 9 6 . 2 3 5 1 . ^ ^ i.<* 
NF527 0 . 5 0 9 . 0 7 1 2 . 7 5 9 . 1 
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Table 2. Nonlinear Curve Fit Results for Simple Elongation 
Specimen ** ($ RMS Error 
(xlO Pascals) 
CF163-•1 4 6 . 3 0 . 5 1 1 . 2 1 4 
- 2 44»2 G«564 . 1 5 3 
•5 2 7 . 3 7 . 8 2 . 4 2 0 
-4 2 5 . 5 1 2 . 5 . 4 7 2 
C F 1 6 4 - 1 2 3 .2 • 0 5 2 6 . 3 1 2 
-2 3 0 * ^ • G257 . 1 7 9 
-3 2 5 . 5 . 1 6 2 . 3 8 6 
• 4 2 6 . 2 . 1 2 9 . 4 9 1 
CF167- • 1 4 5 . 4 6 . 3 9 . 0 1 6 
• 2 4 4 . 5 a . 9 7 . 0 2 2 
- 3 4 2 . 2 1 2 . 3 . 0 7 8 
•4 4 2 . 5 1 2 * 5 . 0 6 0 
CW361 1 6 . 9 . € 3 1 . 6 4 2 
CM362 8 9 . 0 . 1 4 7 . 1 3 0 
CM363 19*3 128 . 2 8 0 
CM364 27.Q . 7 1 2 . 1 3 9 
NF521 37*3 5 . 2 9 . 8 1 3 
NF522 55*4 9 5 » 5 • 138 
NF523 4 9 . 1 1 . 3 5 . 3 0 7 
NF524 3 5 . 0 3 . 5 6 • 2 58 
NF525 1 3 . 6 . 4 6 0 . 2 5 2 
NF526 16.G a . 9 5 . 3 1 2 
NF527 23*7 3 . 1 6 . 2 0 8 






























1.3 7 -0.896 
- 22 -
Table b. Correlation of «*< and p with Stress-Strain Curves 
Tissue Pairs Tissue with Tissue with Tissue with 
larger** larger^ 
CF163,<f 3 3 
CM363,4 ** 3 
NF523,^ 3 <• 
CM361«2 2 2 2 
NF52i,2 2 2 2 
NF525,6 6 6 6 







Me have tested 16 specimens from various locations in 
the connective tissues of the pelvic support structure* 
The three subjects were of different ages, races* and sexes. 
Two points should be noted! (1) due to the difficulty in 
obtaining specimens* we have r>ot done enough tests for our 
results to be statistically significant* and (2)there are 
many variables not controlled in our experiments. However, 
certain trends do appear and we draw conclusions based on 
these trends* 
The proposed mathematical model is intended to 
provide a vehicle to describe our observations from various 
to tests* It should enable us predict mechanical behavior 
in a variety of circumstances utilizing data from a few 
observations* 
Simple elongation tests show that for rectus sheath 
and round ligament of the uterus, the stress increases 
exponentially with strain* Equation (7) appears to fit our 
experimental data well* when the nonlinear curve fit method 
C2] is used* Both * and • are needed for comparing the 
- Zk -
compliance of two specimens* 
The stress was independent of strain rate in a range 
from G«G15/sec. to G.21/sec. This suggests the use of the 
continuous relaxation spectrum S( T ) in the 
quasi Iinear-viscoelastic model. 
The rectus sheath exhibits significant anisotropy at 
various locations. The nature of the anisotropy varies from 
location to location* This will require that a 3-D model of 
the pelvic supports incorporate a map of the mechanical 
behavior at each point in the structure. Correlation of 
histological data with mechanical data may help to clarify 
the source of the anisotropy IiO»2**J« 
Relaxation results showed that the reduced relaxation 
function did appear to decrease linearly with ln(t). 
although the fit to a straight line was not very good in a 
number of tests. We could not observe any gross differences 
in relaxation behavior with respect to age» race* sex* or 
or ientation. 
The ultimate strength results showed a great deal of 
scatter. We could not observe any dependance on age. race. 
sex or orientation. Since the ultimate strength tests were 
- 25 -
always the last to be performed, the results should be 
v/iewed In the light of possible damage due to previous 
tests. The stresses experienced by these tissues in the 
body are not known therefore* we do not know if the measured 
strength is indicative of the strength in vivo. 
We observed a decrease in uniformity of mechanical 
behavior of specimens with age of the subject. This was 
evident in simple elongation* relaxation, and ultimate 
strength tests. If this trend is not an artifact due to the 
larger number of specimens for the older subjects, it would 
seem to indicate that as tissues age. variations in 
mechanical properties within the structures increase. 
These variations may lead to local stress concentrations or 
local weakening of the structure, increasing the chance of a 
local failure. 
By removing the tissues from the body for testing, we 
subject them to many mechanical, chemical, osmotic and 
metabolic changes. It is unreasonable to expect to be able 
to extrapolate qjantitatively from our quantitive results 
for in vitro tests to the in vivo situation. However, It is 
plausible to assume that the in vivo and in vitro behavior 
will at least be qualitatively similar. In this sense, we 
should be able to use in vitro observations to qualitatively 
- 26 -
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